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EOREWORD.....

This_report was_prepared. by Wyle:Laboratories, Research Division, Huntsville, Alabama for.the.
Unsteady Gasdynamics. Branch, Aero=Astrodynamies: Laboratory, Marshall-Space Flight Center

(MSFC), National Aeronautics.and-Space Administration (NASA), Huntsville, Alabama. under.
Contract. NAS8-25700,. This work was performed under.the direction of Messrs, G, Wilhold —
Deputy Chief of the MSFC Unsteady Gasdynamics Branch, and J. Jones — Technical Monitor_

of the contraci,

This report contains. an.analysis of.various fluctuating pressure:-environments. for the purpose of
formulating prediction methods and includes protuberance.induced flows. Key features.of the
present. investigation.are.the. bringing. together of data from disparate sources, combining the
results to show general. trends for the various unsteady flow environments, and, based on the
combined results, the development of prediction methods, . ...

The author wishes to express his_.appreciation.and.to extend thanks ta Messrs, Gil Wilhold and
Jess Jones of ! MSFC for their direction during the course.of this study, and.to.Dr, B.J. Tu of
Wyle Laboratories for his assistance-in analyzing portions of the data presented in Section 3.0.
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ABSTRACT

In.recent years, considerable effort has been. devoted to the study: of unsteady flows.over the
surface of many different vehicles — aireraft, launch vehicles, underwater craft, etc.. The-
fluctuating pressures. resulting from unsteady fiows.can be an important. ssurce-of vibration and
sound.and thus significantly. affect. the. performance.and environments of these-vehicles.
Fluctuating. pressures may; arise.from.several modes of .disturbances, however, they are most
often introduced by the passage of turbulence over the:external surface. Particular phenomena
which-can be of significarce.in.various ¢ircumstances include:.. attachad boundary layers,.
separated boundary layers, oscillating shock waves: (often referred to.as.shack=boundary- layer
interaction), protuberance flows,_ jet impingement, cavity response-phenomena, and base or
wake: flow.. Many of the phenomena above involve forms.of turbulent separated boundary
layer flows, and this report is centered around a description of these..

One-of the critical flight.regimes. for aircraft.and space. vehicles.is. in the-transonic speed range, .

and a major-portion of this effort.is devoted. to.an .investigaticn of .the transoric:fluctuating.
pressure.environments. Based on .test results from-many sources, prediction.methods for various
unsteady flow. environments. are: formulated. . In.particular, prediction methods are.proposed for.
(1). basic fluctuating pressure phenomena which will.occur.on virtually all aerospace vehicles
during some phase of.launch and. (2). protut erance induced fluctuating pressure-phenomena
which are typical of three=dimensional protuberances.attached. to the external. surfaces of a.
vehicle.. The prediction. methods far:the basic fluctuating pressure.phenomena were developed
for two-dimensional and axisymmetric.configurations;  however, the conclusions are_of faitly
general application. The.prediction. of overall levels, spectra.and cross-spectra for both basic

and protuberance induced fluctuating pressure-phenomena are compared. to show characteristics.
unique to the particular unsteady flow. condition. . Key features-of the present.investigation.are

the bringing together of data_from disparate sources, combining_the.results to show. general
trends. for. the-various unsteady flow phenomena, and,_based on the: combined results, the. .
development of prediction methods... It is.anticipated:that the results of this. study will. be a.
useful. tool in the: prediction of full-scale fluctuating pressure environments_of future aerospace
vehicles such as Space: Shuttle as.well as in the.interpretation of the model and full scale ___
test results,
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INTRODUCTION.

1=

' [ When a vehicle moves. through air there are-two basic-means by which. it. can produce
noise: (1) by its propulsion mechanisms (motor-jet, rocket, ete.,) and (2) by its 3
interaction-with.its surroundings.. At low speeds, for example, during and-immediately
after lift=off, the first.of these-is.by far the.dominant one while_near or above the
speed of sound, mechanism (2) becomes most important,

the flight-which should be- investigated in.order.to. assess the: environmental. frend: due .
to. acoustics and. fluctuating pressures. These:are- listed in the chronological order in
which they oceur,

[ During. any flight cycle for an.aerospace- vehicle, there-are-four important phases of .

. ° Lift-off phase during which acoustic excitation results from
the rocket exhaust noise.

- JAErE O

soichiinn

noise diminishes.and aerodynamic:fluctuating pressures.
(pseudo=sound) start..to.dominate. ..From an aerodynamic .
noise_viewpoint, this phase becomes most critical at tran-=
sonic Mach numbers. (0.60.< M < 1,6), _

L

: ® Re-entry phase. during which only aerodynamic fluctuating. 3
f pressures are present..

'_ [ ° Launch.flight.tc arbit phase,_during which.rocket: exhaust

dominate.

This report.is devoted to the specification of surface fluctuating pressures. resulting

from unsteady aerodynamic.flows which occur during the:launch phase.of flight..
In=flight.surface fluctuating.pressures are_distinctly. different from.acoustic: disturbances
A originating from.tocket.exhaust flows and .engine:noise.. In-flight disturbancez, as...
[ considered herein, arise from.several.modes.of disturbances.— the. principle source..
being the passage.of & turbulence.environment over the.external surface.. One other:
[ important source-to.be.discussed. is shock wave oscillation which is.characteri:-ad.by

E ) Flyback phase during which the-noise from flyback engines

bath. turbulence (in: close proximity to.the:foot.of the shock wave) and pseudo-static _ .-
disturbances resulting from.the modulation.of the pressure gradient through the:shack .
o wave. Thus, in=flight fluctuating pressure phenomena.are:near=field mechanisms__
: acting on the-surface.of a vehicle with.the distinction. that the disturbances are.. L
- generally. convected at-some. fraction of the local mean flow:velocity.. On.the.other_. .
[ hand, rocket exhaust noise and engine.noise ore-acoustic: made. disturbances which.
' L generally. originate away- from the surface. . Furthermore, acoustie.mode. disturbances
consist.of sound waves which propagate: at the, local. speed of sound with a_direction ... _ ..
| F independent-of the: local velocity,
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Two.specific. areas.are  considered.in. the present analysis:. (1) basie fluctuating
pressure.environments which.will_oceur on. virtually all aerospace vehicles during
some phase of.launch, and (2)_ protuberance.induced. fluctuating pressure environ=-
ments which occur in clase.proximity to-three~-dimensional projections.on the:
external surface of vehicles. Distinction is mude between.the two areas since -the
"basic" fluctuating pressure phenomena are dictated by the aerodynamic flow. field.
of the overall .vehicle, whereas,.protuberance-induced-phenomena_are relatively
localized fluctuating pressure- mechanisms which are: essentially: supetimposed within
the.basic flow:field,. Basic fluctuating pressure environments.which.are. examined
are:. attached boundary layer flows;: separated flows, and shock=boundary- layer.
interactions. For protuberance induced flows, fluctuating pressures in both the up~
stream_separated flow. region and the- downstream wake region are studied. .

Aerodynamic-fluctuating pressures.are.zero at launch and increase to peak values.as
the vehicle passes through. the transonic: Mach.number range. Previous wind.tunnel.
and flight. data show. that. fluctuating. pressures.are proportional to_free-stream.dynamic
pressure- (qm). for:a.given unsteady flow phenomenon. However, peak fluctuating

pressures do-not necessarily occur at maximum . U for certain regions of a vehicle

due to the non-homogeneous nature of the_flow.field. _For.example, regions.of the
vehicle exposed.to_sepurated flow and the_impingement.of oscillating shock waves
will experience fluctuating pressures at. least:an order of magnitude greater than.
regions. exposed to attached: flow. Thus, if separated flow_and oscillating shock.
waves.are present, say at. Mach numbers other thanthe range .of maximum .q_ ,
then peak fluctuating pressures.will alse be encountered at conditions other

than at maximum LIS Thus, it iseasily seen that.vehicle configuration.is very-

puum. pe P
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important in_the specification. of fluctuating, pressure levels since_the soutce: pheno-.
mena are highly configuration dependent. in.addition. ta varying with Mach number and
angle. of attack. .

In_light.of the-foregaing discussion, one-general.statement.can be made in.regard to.
aerodynamic .fluctuating pressures.. Regions exposed to the same unsteady phenomenon
will experience fluctuating pressure levels which are proportional.to.free-stream .
dynamic:pressure.. Thus, it can be readily seen that.a fundamental parameter in the..
specification of the-surface excitation. is free=stream dynamic pressure and its.variation.
with Mach number, For.a.given configuration, Mach number and.angle of attack
define the_phenomena, and dynamic:pressure defines the fluctuating pressure -levels
associated with the phenomena.. ...

i

There are an.infinite number: of possible: vehicle.configurations and.any discussion.of-
their fluctuating: pressute: enviroaments must be general. . Practically all experimental.
data.for unsteady: aerodynamic.flow-have been.acquired for bodies of revolution. which .
are typical.of missile:configurations... As a result of these studies, it is well known to.
those:wotking-in this field, that certain.basic-unsteady: flow:conditions will.oceur
regardless. of the-detatled:geometry- of: the: vehicle.. It is. convenient. to. discuss these

AE——
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basic flow conditions. for bodies.of revolution; however, this.is certainly no restriction
on either the feasibility or the:practicality of predicting their occurrence on more-
complicated configurations.such.as Space Shuttle.. Thus, in Section 2,0, general .
features of .typical bodies.of revolution are defined and the unsteady flow fields which.
they encounter are discussed..

Similarly, the number of possible external protuberance_geometries are-unlimited.

Thus, .the three~dimensional flow. fields.induced by external protuberances will be-
discussed, primarily, for.generalized.protuberance shapes, The salient features. of.
protuberance. induced flows are.besically the.same regardless of the detailed. geometry

of the protuherances.. However, there are-regions in the protuberance flow. field where
free=interaction hypothesis becomes invalid. The-analyses.of surface fluctuating pres=
sures for protuberance-induced. flows is presented in Section 3.0. Finally, ¢oncluding
remarks. are presentod in Section 4.0,

L -
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2.0

BASIC FLUCTUATING PRESSURE ENVIRONMENTS

Examples of several bodies. of revolution are.shown.in Figure 1, For the. purpose of
the present discussion, three basic eonfigurations will be considered as specified
below:

[ Cone«cylinder
e  Cone-cylinder=flare .
o._ . Cone=-cylinder-boattail

Virtually all axisymmetric vehicles fall into one of these categories.although -
numerous modifications to the basic geometry have been employed in the past.

Several fluctuating pressure environments having different statistical properties.may-
exist-over a vehicle at any-given .instant. in the flight trajectory._ It is. convenient. to .
consider three separate:Mach number.ranges' —-subsonic, transonic, and supersonic —-
for each of the three basic shroud configurations,. .Further, the flow fields.will_depend.
on.the.angle of attack of the:vehicle: which.causes nonsymmetrical loading. (bath .

statically-and dynamically);:_however, for the purpose of this.discussion, nonsymmetri- - -

cal_loading will not be discussed.

Schematics of subsonic, transonic and supersonic_flow. fields for the basic config.rations
are shown in Figure.1.._At subsonic_speeds, all three configurations.experience regions
of attached flow. and separated flow.. The cone=cylinder portion of each configuration
induces separated flow. immediately aft of the.cone-cylinder juncture for: cones having
half-angles greater than approximately 15.degrees.. Re-attachment occurs wiinin -
approximately one-diameter.aft of the shoulder (depending on_cone angle). for the
cone-cylinder and boattail.configurations, whereas. for.the: flare body, sepavation may
continue-over the-flare.. Both. the:flare. and boattail induce. separation fo.- typical .

- configurations. . At high. transonic_speeds,. the.flow.negotiates the shoulder of a.cone—

cylinder-body without separating, reaches.supersonic:speed .immediately aft of the-
shoulder and.praduces:a.near-normal, terminal, shock wave o.short-distance .aft of the
shoulder. . The.baundary layer immediately aft:-of the_shock.may: or may not.separate-.
depending on.the strength of the shock wave. At transc.ic speeds, the boattail and.
flare.region praduce separated flow.which may be_accompanied by weak shock waves.

in the vicinity of.the separation and reattachment:points._ At supersonic speeds,. the.
cone=cylinder configurations produce regions of attached flow.. For the.flare con=_ ..
figuration, the separated flow.is.bounded. by shock waves at the-separation and
reattachment points, whereas for: the boattail counfiguration,_separation accurs.at:the. _
shoulder. of the boattail.(expansion.region) and is bounded at the reattachment.point

by ashockwave, . _____

It is evident that even simple- vehicle shapes, such as. cone-cylinders, produce complex.
and:highly nonhomogeneous. flow: fields.at.certain. Mach numbers. —-particularly ot
subsonic and transonic-speeds, The unsteady flow phenomena. are of partiéular

4. _.
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. layer interaction. result from the movement_of the shock wave and.the static pressure

importance. at transonic-speeds, since-in this range, fluctuating pressutes reach..
maximum. values due. to their proportionality to dynamic pressure. _In order.to. assess
the. fluetuating pressure environmeni.of a.vehicle of any-arbitrary geometry, it is
convenient to discuss the statistical. properties of.the.fluctuating pressures for each of ..
the basic types of unsteady flow condition. From Figute 1 it will.be noted that the
following_flow conditions.may occur for various regions of a vehicle,

° Attached flow.
° Separated flow
° Shock=boundary layer interaction

The surface.fluctuating pressures.for each.of the above flow conditions exhibit. different . -
statistical characteristics, Attached fiow pressure-fluctuations.result from the distur= ...
bances within turbulent boundary: layers. Separated.flow pressure fluctuations. result.._ |
from disturbances within the:separated shear layer and instabilities associated with
the separation and reattachment points. Pressure fluctuations for shock-boundary

discontinuity associated.with the shock wave. The statistical characteristics of each. ..
fluctuating pressure environment that:are.important in the-analysis of structural response:
may be-classified under three parameters:

° The overall level
® The power spectrum.
' The cross«power. spectrum. (or_narraw band cross correlation)

The surface fluctuating pressures for each unsteady: flow candition with. their unique
statistical characteristics will be discussed separately-in the-following subsections.

Attached Turbulent Boundary. Layers

The_surface fluctuating pressures.beneath attached turbulent boundary layers have..
been the:subject of both_theoretical.and experimental.study: for:a. number. of years..
The turbulent-boundary layer extends.over:-a considerable.portion of.the-surface. of.
vehicles.in flight and, thus, it is considered to.be one of the principle sources of: :
aero-acoustic.excitation to the. vehicle_structure... Several years.ago, workers such |
as Kraichnan,. Lilley, and Hodgson developed theoretical formulations.for_the. f
fluctuating pressures-under turbulent boundary layers.and, more. recently;, several 9
carefully- planned experiments have provided additional. information_on the statistical
characteristics of the pertubations.. Lowson, Reference.1, presents.a.good summary :
of the results of stidies on this subject, with.the exception.of some: recent:measure=—
ments by NASA-Ames. . In. Lowson's. report, the basic mechanism.underlying the-_
production of the surface pressure- fluctuations beneath. turbulent. boundary layers. is.
distussed, together with.a.presentation of empirical and semi-empitical prediction . ...
techniques. This section. of the present discussion is a brief overview of Lowson's
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prediction formulae with the exception of the power spectra, which has been modified

ta be more consistent with.the-power spectra.at low Strouhal numbers. The following__
discussion presents a.review of the experimental results and prediction formulae in.

terms. of the most important statistical parameters.

Overall Level

The correct method of presenting overall fluctuating, pressure levels. for surfaces
beneath the-convected turbulerice in.boundary layers is in terms.cf the root=mean=—

square. fluctuating pressure level, \C .. Eree=stream dynamic pressure, L local:

e sk,

dynamic pressure, ql , and wall shear stress, T, have.been used to. normolnze

P? 50 that.meaningful. data. collapse can be. realized throughouf the.Mach number-
range.. The most generally accepted normalizing parameter is. 9 and thus, it will
be used in the current expressions.

The effects of Mach. number:on the.normalized_rms intensities.of the. fluctuating
pressures in attached flows.are.shown.in Figure 2. There.is significant scatter in.the .
data which may be attributed to-several. factors: . (1) background noise-and free-stream
turbulence in the testing medium;- (2) instrumentation quality and.the precision.of_the
experimental technique; and (3). data acquisition and-reduction techniques, etc, .For.
the range of Mach numbers covered in the data of Figure 2, the normalized RMS value

of the fluctuating pressure varies from V / Ay = 0.006 at subsonic_Mach numbers

ta 0.002 at supersonic Mach: numbers.. Lowson, Reference: 1, proposed the following

semi~empirical prediction formula which appears to agree with the general trend.in. -
the data:

T

T

\J-P—i"l- qm =-0,006/(1.+.0, 14M°° 2y . (1).

It is important to note that: this formula has some theoretical.basis and.is.not strictly
an empirical approximation of measured results (see. Reference:-1). The use of this.
formula at-high supersonic.and hypersonic. Mach numbers should be-done so with.the.
understanding. that_it has not been verified in this.Mach.number range:and may lead.to
stgmfucani'. error. . However,. in.the.Mach. number range up to, say M =3.0., itis
in good agreement. with. experimental results...

It:should be noted that the:results presented Jn Figure.2, particularly. the wind tunnel..
results, were obtained for both_homogeneous and stationary flows at free-stream

conditions and in the:absence- of external pressure gradients. Consideration should be
given to-local eonditions which deviate from free=stream conditions.

E“
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Power. SEctra. _

Power spectra represent the distributions of .the mean square fluctuating pressure: with -
frequency. Power spectra for attached turbulent boundary layers are found to.scale

on a Strouhal number basis; that.is, the frequency is.normalized by muitiplying by a
typical length.and dividing by a typical velocity. The advantages of using normalized
spectra are obvious since it.enables similar, homogeneous, flows to be represented by

a single spectrum regardless of the_scale of the flow field or the. free~stream velocity.

Numerous studies have been.conducted to.determine the proper parameters to be-used.
to. rondimensionalize the spectra._for various aero~acoustic environmenis.. Unfortunately,

the-choice. of parameters which.best callapses the data appear to.be dependent.on the o
nature of the:fluctuating pressure.environment. In.general, free=stream velocity is.
used. as.the nomalizing. velocity parameter, although a typical eddy convection . C g
velocity (itself.a function of frequency) has been used occasionally. . The local con-... ’

vection velocity appears. to correspond more:closely with the.physical situation.for
fluctuating pressures due to turbulent eddies. . Selection of a typical length is.more
difficult.. Boundary layer thickness (8), displacement thickness..(6*), wall.shear.
stress (ra).-and momentum thickness: (0 ) have all been used by various investigators.

The most generally used typical lengths are-8.and 6%,

Lowson, Reference 1, proposed.an empjrical formula for:the power spectrum for
attnched turbulent boundary layers based, primarily, on the-experimental results of.
Speaker:and. Ailman. .. In.comparing this. formula_with other data, and in particular,
with recent measurements_at supersonic speeds by NASA~Ames, tha Lowson prediction .
appears. to underestimate the spectral levels at low.Strouhal numbers and also gives '
too.large-a rall=off at high Strouhal numbers.. Tkarefore, a new.formula is presented
which appears.to_be tore representative of experimental findings throughout_the Mach
number range. . ln this formula, it will be noted that &* and U have been.used as..
normalizing parameters.
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A comparison of the-predicted power spectrum wufh experimental spectra is presented
in Figure. 3,

Cross-Power Spectra

The-final requirement in_determining the characteristics of the fluctuating pressure-
field of the turbulent boundary layer is to define.the narrow.band, space.correlation
function or co=power spectral density. . This parameter is the key function needed to .
describe an impinging pressure:field on a structure.in order.to.calculate the.induced.
mean=square response.of the structure. (see, for-example, Reference .17 for the strue-
tural. response.computational.technique).. The spatial correlation properties of.a.
fluctuating pressure:field can be.obtained.only from a careful.and detailed examina-
tion of the.field at.a large number.of points. Measurements by several. investigators
have. shown_that the.co~power spectral.density of the turbulent:boundary-layer .
pressure fluctuations. in the-direction.of the flow can be_approximated by an_exponent=
ially damped.cosine function, and the.lateral co-spectral density can be approximated
by an.exponential function. The general form of the cross-power spectral density is:

w
(§;.'Jw) -¢(U)A(§,n,u)cOS<U ) (3)

el

Here, it is.assumed.that the pressure field is homogeneous, in the sense that the .
cross-power spectral density is a function.only of the separation distances ( & in the

longitudinal.direction and .n in.the lateral direction) sa-that it is.independent of the__._

actual. posnhons (say x cmd. X+ & Iongutudmallyand y and y+n Iaterally)

Assummg"fhat. A (_,5, n,. u.)_ is separahle..n.nto..lts longitudinal and latecal....components, _
and.normalizing by the-power spectral density of -the:homogeneous field gives:

GP P'(.g' N, ). =- G‘s (&, @) Gq (ﬂ‘_u); = A_g ( é',,_. u)Aq(q W) cos. ,U_ (4) o

¢

whera A £ (&, w) and A (N, w) are the-correlation coefficients in the:longitudinal .

and.lateral directions, :e%pechve]y. The-assumed separable-form leads to.the pre= _
diction that the magnitude of A_is constant along straight lines on the surface,

|
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forming a diamond pattern surrounding the origin. . This.characteristic is. somewhat
physically unreasonable (see-Reference 2); however, for purposes.of calculating
the .induced structural response the assumption of separability-greatly simplifies the-
mathematics and, hence, it is.genetally accepted.. However, Lowson (Reference 1)
notes that a.more likely form for the lines.of constant amplitude would be-elliptic,
suggesting that the usual separable solution underestimates. the correlation.area by
/2. Thus, integration of formula.containing the cross~spectral. density function. i
should be multiplied by a factor of /2 to allow for its probable underestimate of the '
correlation area at any frequency.

; :

Measurements of the-cor:slation. coefficients have. been made by Bull and others (see
Reference-1) and the results are.presented in Figures 4a and 4b. It is-seen that the
data in Figures 4a and 4b have been sollapsed based on Strouhal numbers

-U——-and ?J“ . .From these data, empirical expressions have been derived for the__ T
¢

correlation coefficients, these being

Ce e o -

Ag (4 o) = exp__( -0.10 | £| u/_Uc‘) (5) |
A, 0) = exp ((-0.715 |n]wu) ©)

Typical values of the convection velacity (itself a.function of frequency) for subsonic
flow are Uc =0,6.U for the small scale eddies near the wall and. Uc =0,9 U for

the large scale eddies near the outer edge.: of the boundary _layer.
The accuracy of Equations_(5) and.(6).break down at small values of %i ;-_however,_

c.
in Reference 3, Bull presents measured asymptotic_values of the correlation coefficients .

for small values of ‘Gg and_%g «Based on these data, the Equations (5) and.(6)__
c c...

may be corrected to include:the_lower frequencies, and the resulting expressions are:

A &f;u) = exp (:fl-m |§| /U, ) - exp. (-0.27'[, 57-]- /8> ?

t " |
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An (n,w) = exp (-0.72" |"l| u/’Uc_> . exp <'-2.0. I l’]l/S) (8)

These expressions appear to be valid.at both subsonic. and supersonte speeds.

2,2 Separated Flow

Separated flows_as induced by steps, wedges, flares and other, basically two=dimen=_ _
sional geometric changes have undergone considerable:study only in recent. years..
Considerably less data.is available on. the fluctuating pressure_environments within..
separated. flow regions than is the case.with attached boundary layers... Furthermore,
there:are various types of separated flows and_little is. known.of the_similarities and
differences.of their-statistical properties. Example-separated flow environments are-
listed below:

° Blunt body-induced.separation_(as occur.at.cone-cylinder and flare-cylinder
expansion corners at subsonic Mach numbers) .

° Flare-induced, step.induced, and wedge-induced separation (as. occur in
compression corners)

° Shock=induced separation (a3 occur on_cylinders, airfoils, etc., beneath
terminal shock.waves at transonic speeds.and dueto shock wave -impingement _ B
at supersonic speeds). !
e Boattail-induced and rearward facing-step-induced separation. (such.as occur

in the base region of launch vehicles)

All of the foregoing environments differ to some. degree.in.their. aeradynamic_structure._
However, some basi¢.comments can be made. in.regard. to their: fluctuating pressure-

. characteristics. First, all of these environments may. be regarded as two=dimensional.
type separated flows having mean_separation.and reattachment: lines.which are normal 1
to the free-stream. . Second,. a general characteristic.is thai_ if the. flow:separates.
from an expansion.corner, the.separation line.is quite stable in that oscillations:which
praduce.fluctuating pressures are nat:generated.. However, if.separation occurs, say,.
on the cylindrical portion of.a_payload.shroud (flare induced separation). the separation. ...
point. is unstable and may. produce:significant fluctuating pressures, particularly at ...
supersonic speeds where.the separation. is. accompanied by-an oblique-shock wave.,

b

SO St

Third,_ the: reattachment point:of .the separated. flow field. produces rather large fluctua~-- |
ting. pressure-levels for virtually all types. of separated.flow fields. The.region withinn ____ '
the_separated. flow field (between.the separation.and.reattachment points) is.a fairly

homogeneous environment which is characterized by fluctuating pressure levels =~

'l_o' .
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greater than.those for attached flow.but. less than those.encountered at the separation
and reattachment points.. Example data for various separated flow fields are presented
in the following sections..

Overall. Level

A typical example of the fluctuating pressures resulting from blunt-body separation.
is shawn.in Figure 5 (results taken from Reference 18). These-data were.obtained at
high subsonic Mach numbers for a 25~degree cone-cylinder configuration. The axial

distribution of V P%/ qm shows. a relatively nonhomogeneous environment-with a.

peak level which moves aft with increasing Mach number. The.peak.in W—/q& | B
results from the. reattachment of the separated flow. from_the shoulder. Thus, the .
extent of the separated regjon increases with .increasing. Mach number., Peak levels ¢

of rms.fluctuating pressure.reach 11_percent. of free-stream.dynamic_pressure at.a
free~stream Mach number of 0.70, and.results from.the- instability of the:reattachment.
point, [t will be noted that.the fluctuating pressure. levels. near: the shoulder. (X/D. =-Q)
are. relatively low.(same order of magnitude.as generally found within_the homogeneous
region of two-dimensional separated. flows.and typical of the environment. for. separated
shear:layers! thus indicating that the.separation point:which occurs at-the shoulder: is
re.latively. stable. Separated flow. over.the-boattail region of a.bulbous vehicle may
be expected ta exhibit fluctuating. pressure characteristics very similar to the cone—
cylinder; however, the blunt=body separation on a. cone-cylinder body is limited to

the: subsonic speed.range, whereas, the boattail configuration may induce.separation
at all_Mach numbers,

Typical fluctuating pressure data for flare-induced separation are. presented.in.
Figure 6 (results taken from Reference 14). These data clearly show the.region of
homogeneous separated flow,_bounded on the upstream by the oscillating shock wave

(forward .peak. in VF ém ), and on the.downstream by the: reattachment: pertubations .
(aft pea_k_j__i'n.{ p2 qm )« Surface fluctuating pressures for_the separated flow_region.

range:from 1.5 to 2.7 percent of the free stream dynamic pressure. Levels_associated -

with the upstream.shock wave generally-range from-4.to 8 percent. of the. free-stream .. -
dynamic. pressure (see_Reference-14); - whereas, levels in the. region of reattachment . ‘{
may range from_6.ta 12 percent of LI and.agree reasonably well with the reattach~ *s‘
ment levels.for blunt body separation. Further discussion of shocik=wave oscillation j

data is presented. in a_later section...

k
The variation.of fluctuating pressure level, normalized by free=stream dynamic i
pressure, with lecal Mach aumber: for various separated flow. environments downstream — i
of expansion. corners. is presented in.Figure. Z. The regions aft.of cone=cylinder. -
junctures, and rearward-facing steps and in the near wake of: boattail. configurations: %
are represented by the-data presented in Figure: 7. These environments will be .
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referred to as.expansion.induced separated. flows and it will be noted.that. the: attendant.
fluctuating. pressures exhibit the same general trend with.local Mach.number.. The
largestlevels occured at low Mach numbers.and .decreased as.local Mach-numbers. .

increased. These data represent.-the region.of plateau stati¢-pressure-and the tolerance

brackets on.the data represent the variations.due-to nonhomogeneous flow within the
region of constant static pressure rather than scatter in.the measurements. A good.
empirical approximation to the experimental measurements is;

Expansion Induced Separated Flow:

55, o 0.045
"% 1+ M2
B

(9)

This equation is similar in. form with. that previeusly proposed for attached turbulent
boundary layers,

Fluctuating pressure measurements for. the region of plateau static.pressure. upstream of. .
compression corners. are presented.in Figure 8... Also, fluctuating pressures.for.expansion.
induced separated. flow are presented-in this figure for. comparison... In general, the.
compression.carner.data show.an increase. in. fluctuating pressure. level with increasing
free=stream Mach number._in the.range, 1.0< Mcas 2,0 —reaching a constant-level

at.Mach numbers.abave 2.00. Free-stream Mach number: is.used hete because adequate
data is.not available for determining the local Mach numbe: in the.vicinity of the_com-
pression induced separated flow regjon.. Also, derivation.of empirical prediction. .
formula far the fluctuating pressure level within compression induced separated flows
are not proposed_at this time.

Power Spectra.

The most comprehensive available.data. for. power spectra of the. fluctuating pressure
within.separated flows was obtained.for: the. homogeneous region of.compression
corners.at supersonic.Mach numbers (References. 14, 19, 20.and.21). _These data,.
presented. in Figure:2, were obtained. for:forward facing steps. wedges and.conical
frustums.. All.data,_represented by- the cross-hatched band, showed a distinct
similarity in spectral characteristics when compared.using, normalized spectral. level
and frequency expressed as functions of local velocity, free-stream dynamic.pressure,
and.local boundary. layer thickness. . A number of velocity, length.and pressure para= -

meters.were used.to. collapse. the data;: however, local velo¢ity, local boundary. layer

thickness and free=stream dynamic.pressure appeared.to be adequately: representative

of.the parameter dependence. of the_fluctuating. pressures. for. the configurations studied. . . .

Power.spectra. of the fluctuating pressures. within the-homogeneous.region of separated:
flows may _be-represented by the following. empirical formula:
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2 083 \ 2,15
q< & f 8 -
® °”{1+(£/£') }
U 0
y - '

where fo = 0,17 -3i

». Figure 77, for.expansion induced
1+M12" separated flows, .

e o

=

P2/ q;" =- the results as.determined_in Figure:8. for compression.
induced separated flows.
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It is anticipated that Equation (10). can. be used with.good accuracy. ta predict:the .
power spectra for fluctuating pressures within.the homogeneous.region of_expansion

induced separated flows although it was derived based on.data taken_in compression.
corners., .

Cross-Power Spectra

. Typical cross=power spectra.for the homogeneous. region. of two-dimensional.
separated.flows.are presented.in.Figure 10, . Again, noting that.the co-spectral .
. density: is the:same:as' the-narrow-band spatial correlation,_it.is seen-that the separated _
s flow exhibits spatial_coherence very similar. to_that-of attached turbulent boundary:
o [*: layers._ The damping of-the:sinusoidal. cross spectra for.separated flow. is.exponential..
o at.high values of u..ﬁ/;uc__ as is the. case. for.attached flow.. Thus as a_first approxima--
f tion, the normalized longitudinal co-spectra may be.represented by:-
B { - I, t i
i CE f) = @00 e oo 85 ).
: (-

The damping. coafficient, a, is dependent on free=stream. Mach.number according
ta-the- results presented.in Reference 14, The Chyu.and. Hanely results: show: demping
coefficients ranging from approximately: 0.13: at:M@= 2,5t0 a valueof 0,33 at-

M&= L.8. This suggests that the turbulence structure-in separated flows decays

13
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somewhat more rapidly than for. attached. flow.which.has.a.coefficient of_exponential
decay-of 0.10.. Itshould.be noted that the.exponential decays.represent the. envelope:
of the.cross=spectra for. various spatial distances, &.. For.a.given.valueof &, the.
cross=spectra.can be represented by the exponential envelope only-at high.frequencies,
the lower limits of which increase with increasing distance between measurement
points,.

The loss-of coherence at. low- frequencies. precludesa ganeral collapse. of the data
using a constant damping coefficient. This problem.was overcome by Coe.and.
Rechtien,. Reference.20, by introducing an attenuation. coefficient. which is related
to the nomalized modulus of the cross-power spectral density by

- §8 :
G (5:_0'!-.) I =@ -t (12)
' : L. !.norm

The nomalized modulii for available. or selected transducer spacings, &, were .
curve~fitted by an exponential function using the method of least.squares to obtain
a non-dimensional attenuation-coefficient function o .(f,_f’ §Z, / Ul") ~h in

References. 19-21.. The parameter h is the height of the: protuberances used to
generate the separaied tlow. field. Empirical approximations of the attenuation
coefficients, based on the experimental results of Coe and Rechtien, are:

v f.SI, fsl -
o <£, T ) = 0,75/ in. , _U———< é6x1073 (13).
L/ L

o (a:, L ) = 0.75 [ﬁﬁ—- ] (14)
L (N}‘/Uﬂ')o :
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‘ a | & 5= =15/, rog— > 6x1072 (15)
L ‘ 7/ 4
Lateral Direction
o ts, e
| @ \ N g=|=025/in. , T < 6x 1078 (16)
: /A /3 .
; £8 KW 0.3 s
o <l]_, vL) = 0.75/.in. ” —h . , -.U_Z.. > éx 1072 (2.
£-/ ( 1/ Ul )o L
' |
b f,st
where T = 6x103
2 y ) :
I 3 It will-be.noted that-the:longitudinal and lateral attenuation.coefficients are the.

same at Strouhal numbers, f Sz / Ul < 6.x 1072 qnd_that_the lateral attenuation
coefficient becomes larger than the longitudinal value at. flSZ_, / L,JZ >6x 1072,

It was.pointed out-in Reference 19. that. this spatial characteristic.indicates that.the
predominant.turbulence:is nonconvective.at the lower frequencies.and. that contours

E of equal.correlation would.be circular; _whereas,_ at: fiSZA /Ul > 6x.10°2 the .. ..

divergence of the longitudinal and lateral attenuation coefficients. indicate-a.progres-
sively: extended correlation pattern in the direction of the free-stream with increasing___
frequency. This statement:is.not: entirely. true since. the: usual separable form of the.
cross-power spectral.density-leads to the prediction that.the magnitude of the normaliz-...
ed modulus.is constant-along straight lines on. the:surface,. forming a.diamond.pattern

: h surrounding the origin rather than.a ¢ircular: or elliptic-pattern. . Under the.assumption __ _
‘ of separability: of the.longitudinal and lateral cross=power: spectra, the following
equations. (which employ, the attenuation coefficient) may be used.as prediction
formula for the normalized longitudinal and lateral. cosspectra,.
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Longitudinal Co=~Spectra

f8 : wé
¢ (& )= o8 cos — (18)
V] U
L ¢
' ateral Co-Spectra
/ f8 -a N
cngh)-e2 (19)
L .
. f§,
where a =a.( &, —og— as defined in Equations 13, 14 and 15,
§ 2
_ £ Sl
. = a N, = as defined.in. Equations 16 and 17.
n U[

2,3 Shock-Wave Oscillation

Generally, shock=wave. osciilation produces the most.intense fluctuating pressure
levels that-are usually encountered by a. vehicle. . As for_the-case: of separated_flow,
there are-many. types_of shock=wave.oscillation and.little.is known in regard to.
similarities and differences of their statistical_parameters. Typical shock waves.
encountered by- vehicles are: -

. Teminal.shock waves for_regions.of_transonic flow,

° Displaced.-oblique shock waves.as induced by -the separated_flow
in compression.corners at. lacal supersoniz speeds, . .

° Reattachment shack waves in the vicinity of the reattachment _.
point for separated flows generated by both compression.and
expansion.corners, ..

e  Impingement shock waves as caused by-local bodies such.as
strap=on_rockets,

All shock wavas may be-expected to.produce similar fluctuating pressure environments
since: the-movement of theshock wave.results. from the interagtion with: the sepatated..
flow-at the fzot of the shock wave- (see Reference 19)-and:thie-fluctuating pressure.-is
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the result-of the modulution of the pressure gradient through. the shock wave, . A -
special case of shock wave oscillation is.referred.-ta.as an alternating flow condition,
whereby, the:flow at.an.expansion corner.intermittently fluctuates. between a.
separated-and.attached.condition, . This environment is.illustrated schematically in.
Figure:11 together with.the -more common. terminal shock-weve oseillation case.
Example data for various shock wave oscillation environments are presented inthe =~ .
following sections.

Overall Level

The axial distribution of ms fluctuating pressure resulting from terminal shock wave-
oscillation .is shown in Figure 11 (from.Reference.18)._ A special case of terminal shock
wave.oscillation.results when the-terminal shock wave. moves. forward to the expansion.
shoulder of a.cone~cylinder. . For this.case, the flow intermittently fluctuates between 4
the:blunt~body separated flow condition and theattached flow condition at high sub=

sonic. (low- transonic). Mach numbers. This condition represents.an alternating. unbalance....
between.the large pressure:rise through the shock.wave that exceeds.the values required

to separate the. flow. and the small pressure rise that is too small to maintain fully:

separated conditions.

Extremely large: fluctuating pressures result.from. this.condition;. however, it should_be: P
noted:that. this phenomenon.accurs aver a_small.Mach.number range and:generally is.of ¥
very: low frequency. Thus.for large: Mach. number: transients, this phenomenon may not \ia
occut. . On the other hand, some.experimental studies using aeroelastic wind. tunnel. _. o
models indicate that this phenomenon may become coupled with_the vibrational.response . ,,
of-vehicles such that flutter in the.lower order bending modes.would result: for certain.__ i 4
configurations — particularly for bulbous shaped payloads on rather slender lauiich

vehicles, :

Lo ses e

As.Mach number is increased above the range.of alternating flow, the_localized
oscillation. of the shock wave produces. intense fluctuating pressures for the region .in
close.proximity to.the shack wave.as shown_in Figure 11.. The-shock wave.moves aft
with.diminishing strength with_increasing Mach number such.that-the rms fluctuating
pressure level -also decreases.. In addition.to.the results.presented. in Figure:-11, the.
fluctuaiting pressures:which.occur at the separation and reattachment.points. for separa--
ted flow over.compression corners (Figure 6) are fairly. complete examples of shock—-
wave oscillation data. .

R — SR

Power Spectra.

Only recently: has comprehensive:data been.presented on. the spectral characteristics
of shock=wave oscillation.. Much. of the previous data were-presented in linear—-
linear graphical form_vather than using. log~log.scales. . As a result, much.resolution .
was lost-at.the-high.frequencies.. Recent experimental data by Coe-and Rechtien
(Reference-20)- gives a clearly: defined spectrum forshock wave 6scillation at
Mmiz"O;" howevet,. data at other.Mach.aumbers have not-been published. Data
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obtained for three=dimensional protuberance flows. do.agree-with the.Coe.and.Rechtien
data and thus substantiates their.limited published results, The normalized power- ..
spectra.for shock-wave oscillation for both two= and. three=dimensional protuberances
(References 18 and 19). are-presented. in.Figure 12, . The power spectrum shows &
relatively steep roll-off starting at.a.Strouhal frequency (f ] / u ) of 1 x 1072,

The roll-off is 8 dB per octave for the range 1 x. 1072 < §8 / U _<£2x10=* and

above this range the roll-off_changes suddenly to 4 dB per octave, . Thnse unique .
spectral characteristics of shock-wave. induced_fluctuating, pressures are explained by
the physical behavior of the shock-wave oscillation and. the resulting pressute time-
history. The shock wave is basically a_pressure. discontinuity which becomes slightly.
distorted by the boundary layer.such that a.finite-gradient through.the shock wave-is
abserved at the:surface.. Oscillation of the shock wave produces a wave form which
approaches a random-rectangular. wave as the-displacement. of the oscillation..
increases... Superimposed upon this signal .is the low amplitude,_high. frequency- dis~
turbance associated with the attached:boundary. layer (for.that_portion.of the.signal
when the:shock. wave is aft of.the measurement point)_and. the. moderate-amplitude
and frequency disturbances associated with.separated flow. (for-that partion. of the..
signal when. the shock wave is forward of the measurement point), The:roll-off rate
of the. power: spectrum for a random=rectangular-wave_form is.4& dB:per octave.which.
is_2_dB lower. than the experimentally observed value,. Above: 5§ /U =2x 107",

the power: speciral density for the random.modulation. of the shock_wave diminishes
below. the power spectral density for_the turbulence portion of the.signal,. Thus, the
roll-off rate changes.to.a value roughly equal to.that for separated flow since. this
environment_is the larger of the two turbulence generating mechanisms. (the: other being
attached flow)..

Noting that.the power:spectra for shack-wave. oscillation is.composed of (1) low-
frequency. spectral energy- of the:shock svave and (2). high frequency spectral energy _
of the separated flow and attached:boundary layer, the resulting empirical formula.
for. the_power spectra may be written as a combination of power specira of the contri=
buting sources:

(o] &y = [e0]g™ + & [0@)8 >k, 0]

where the subscripts and superscripts denote the following:

Subséripts: SW --shock.wave
S. = _separated flow

A - attached Flow . o

18
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Superscripts: I - absence of viscosity (inviscid)

H - homogeneous flow

The constants, _ k' and kz_ are. weighting functions which account for that portion of

the total energy resulting_from the presence of viscous flow in the farm.of separated
flow and attached flow respectively. It-should be- noted that the-two_secondary environ-
ments (separated flow-and attached flow) are not: simultaneously superimposed on the. -
shock wave signal but tather.are-time shared. . This, together with. the fact. that these
environments may be-correlated.with the: gross. motion of. the-shoek wave- results in

values of k‘ and k.2 less. than.1.C. _Finally, forpeak overall levels of shock wave 1
oscillation (corresponding to.a point located at. the. mean position of the shock wave)
ihe contribution. of attached flow .is.negligible.in comparison to that for separated .. 9

flow.. Thus, Equation.20.maybe simplified. fo

[e0]ty = [e0]brk [p0]? @)

Based. on experimental data of Reference 19,. the power spectra [ @ (f) ] g’:;l - for.

shock wave oscillation in the absence_of viscous flow. normalized by local inflowing
boundary layer.thickness and velocity and free-stream dynamic pressure-is. given by:

a I’ H } .E—Z l‘:. 2. I’_B—.... e ————
a o T % ( Al )SW (22)
¥ s -
qcoso (_____o o.) {H.fff !».55}_1.7.

where::

e Y 5 e
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-Fi/qa ] - overall level of shock oscillation. peak
| o]y corresponding to the-mean. location of the
shock wave.

[ /. H
p2 q;] - overall level of homogeneous separated flow as

) S defined from Figures 7 and 8.,

The subscript 0 denotes local velocity and boundary layer thickness upstream of
the shock wave. _

fo &
..U_; = 1x10°2
0 determined empirically from
Sw d [l "
experimental data of Reference
19
k' =- 0.25

Substitution. of Equations (10) and (22) into Equation.(21) gives the final. expression
for the power spectra_for shock wave oscillation.

H . b2. /.2 \ILH
P* /q ) !
Q(ﬂ Uo' = ( / ® . SW. +... -
" .
%. 8& fo 8o valese \23 U
SW T 1 f/fa ) :
0¢~ Sw - ‘.
52 / 2. \H.
(P/e);
0.25 — o
£ 8 0.83 ) 2.5 N
0 0 . £ )
Uo . {l +(v f/ fo ) } (23).

where (‘f'o Sa/Uo )g is naw.defined for conditions upstream. of the-shock wave. ...
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A comparisun.of the predicted power spectra for shock=wave oscillation with experi=:
mental measurements is presented in Figure 13, . Itshould.be noted.that this prediction
formula holds true .only at a peint corresponding to. the mean.location. of the-shock
wave. On either side of the-shock wave, the influence of the shock diminishes
tapidly due-to.its small displacement such that the-environment is basically either
attached or separated flow with some: low frequency intermittency due.to-the shock
wave, . It is.convenient to refer fo these regions as non-homogeneous attached and
separated flows and they will be discussed later in Section. 2.4,

Cross-Power. Spectra

Very: little data F .. been published in the form of. cross-power. spectra. of fluctuating
pressures: beneath cscillating shock waves.. Because oscillating: shock waves at.a given. ¢
flight condition are confined to.relatively small areas of the vehicle-surface, it is 4
extremely difficult to define the.spatial characteristics.of the.attendant: fluctuating
pressures.. Fluctuating pressures: in.the vicinity of the shock wave are.highly non-.
homogeneous; although they-do appear. to be_related.in both spectral shape and:

spatial. coherence.. The only significant.results.on the spatial coherence:of fluctuating
pressures in the.vicinity of shock-waves.are_those by Coe_and.Rechtien (Reference.20)..
Their.data indicate. that the fluctuating pressures generated by the shock.wave are:
related only at frequencies belaw f'G'Q / U0 = 0,08 for the.region immediately

)

downstream of the mean location aff.i'he".'shoc-k wave (Figure 14).. For the region .
lmmedwteiy upstream of the shock~wave, asmall degree of coherence is also. evident
in this frequency range as.well as at f & /U 2 0.2, A comparison of the power.

specira. and.coherence-function shows some very interesting characteristics of shock=— . 1
induced. fluctuating pressures. First,. the_power:spectra.of. fluctuating. pressures.on Pl
each.side: of the.peak level. point show.large: low frequence energy: which can be . '
identified as having_the same_basic characteristics as the shock.wave spectrum for

) / U <£.0,08. This.is.confirmed by the coherence of the.data over.the same
frequency range:. (58 /U <0 ) . For £6. /U > 0.08, powersgectru

immediately. upstream_and_downstream .of the shock wave show. spectral characteristics.
identical to attached turbulent boundary layer and separated.flow, respectively. Thus, =

for £8 / U > 0.8, _the spatial correlation of fluctuating pressure immediately

upstream of the _peak should be. characteristic of the attached flow; whereas, immed=

iately downstream of the peak:they should be characteristic. of separated flow.,.

However, when the spatial correlation is.normalized by the power.spectral densities.

to.obtain the coherence funétion, this coherence appears to. be minimized due.to the
large_spectrum_level for the point. of peak fluctuating. pressure. Further discussion.on .~ ___
this characteristic-will be given. later.in_the-section on nan=homogeneous attached.

and separated flows.
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The spatial decay of the low. frequency, shock induced fluctuating. pressure-in the-
longitudinal. direction.as shown in Figure 14 may be.represented by an exponential
coherence function as follows:

f'(&ﬁﬁ'q‘) - °-°'°'~f86/ “ 4. ..

0

A_comparison.of this.empirical: prediction with experimental. data .is presented.in .

Figurte 14. It should be noted that, asseparation distance is increased, the.above

formula fails to account_for the- low. coherence at low frequencies. . However,

because thelarge non-homogeneous.effects associated -with. the:flow.in_¢lose proximity

of the.shock wave, the:application of classical statistical methods. to define. the: spatial
characteristics for large.separation distances. may be: questionable. . Thus, for:regions..._ .. ..
under the:peak, Equation.(24)-is felt.to be an accurate representation of the spatial
characteristics of the fluctuating pressures in.the longitudinal direction. ..

The longitudinal co-spectra may be-written:

e R NS e

o -40 8 / U f8
C( 5"_;-_.{')_-.,. e 7 cos 2T —Q- (25)... ..
0
 Published data. is not.available. on: the transverse spatial.characteristics of shock=induced 3

fluctuating pressures.. However, it is.anticipated:that.these_disturbances will be .
reasonably correlated aver much larger distances in_the trarsverse direction than. in the
longitudinal direction because-of the continuity of the shock wave in the plane: normal
to the flow., -

2.4 Non-Homogeneous Attached and. Separated. Flows.

PSR SO

Non-homogeneous attached.and separated flows are defined-as.environments which

ore basically: attached or.separated;. however,. the statistical properties of.their:.
attendant.fluctuating pressures vary with spatial location. .Examples to.be. considered ...
herein are-attached and separated. flows immediately upstream.and_downstream of _
oscillating shock waves, respectively.. . The non=homogeneity- may result from-inter=____
mittency of the.shock wave.oscillation or from a more basic.madification to. the. .
turbulence. structure of attached and separated. flow due-to the:motion of the shock .
wave.. The variations in both the overall level and power spectra: with position.
relative to. the-shock wave: are-evident in Figure 1.3, . These data are shown.in.com--—
parison with hamogeneous attached and separated:flow: data. to- illustrate the: presence. ...
of low frequency: energy- due to the shock wave.  Again, basic.characteristics. of the
overall levels, power spectra, and cross-power spectra will be discussed for the

q
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purpose of defining empirical prediction techniques. for the-non~homogeneous
attached and separated flows,

Overall Level

The overall fluctuating pressure levels for attached and. separated flow in close
proximity to an oscillating shock wave are bounded.on the low side-by the. levels of
fluctuating pressures corresponding to.homogeneous environments.and are_bounded:-on_
the high side by the peak fluctuating pressures corresponding. to shock wave oseillation.
In essence, . this means that the_differences. between. the-homogeneous and. non=homogen=~
eous fluctuating pressure levels may: be attributed directly to fluctuating pressures.
induced by the.aseillating shock wave for_the- case considered here. Thus, normalized 1
fluctuating pressure levels for non-homogeneous flows_may be defined.as:. .

)

v R — S '

% w /, %

(26)

" A Sw

O ——

.

(22)
SW :

NH ) <.\1'|—,?>H

o

where the subscripts and superscripts. are defined as_follows:

s

Subscripts:. A. . -—attached flow

S-. = separated flow.
SW  ——shock wave

y
Superscripts: . H. - ‘omogeneous condition. _ _ i

- ey

NH - non-homogeneous condition .

r
AN

Under. the:assumption.of statistical_independence: between the:various soutces, i.e-., .
attached flow, separated flow. and shock.wave oscillation, the-fluctuating pressure-
levels may: be-expressed as:

B s T 2 ™ N S
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(28)

(29)

where c and ¢ are weightirg functions less than 1.0, which represent the con=—
2

tribution of the shock wave to.the.overall fluctuating pressure:level.. The values of ..
¢ and € vary wi ith spatial location relative.to the-shock wave and therefore, are.

difficult to predict.. However,_the above method of representation is useful in.the.
prediction of power spectra for non~homogeneous flows as will be shown in the next
section..

Power~-Spectra

To predict_the. power spectra for.non-homogeneous flows, a.ptior.knowledge of the _.
overall. fluctuating pressure. levels_is required.. Under.the-assumption.of statistical —
independence:between the various centributing sources, the power spectra.for: non—
homogeneous. environments. may be_written as. the summation.of power.spectra.of.the:
contributing sources._.Using the same-symbolic: representation.as for the averall level,
the power. spectra for non-homogeneous environments may-be written.as:

NH . ¢ 1H . . qLH
[@(.t).] - [4:(0.-] + e [@(Q.] (30)
A 7 . ‘A 1 SW-
~NH. ___ H - I.H:
[@@J ¢>(f) . [cp(ﬂ_] @1y
A 2: 1L SW
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From Equations (30) and (31), ¢ and- c, are.given.as:

'[_','5 \NH - 'FB H
] - B 3
g q |
- 73\ LH
—_
q
© / sw
B N e
% s Y. A
c = : . (33)
: 7o\ L H
2.
Q.

To. determine: the power spectra for non~-homogeneous. attached flow as.caused- by
shock-wave oscillation. in. the. vicinity. of the attached flow. region, Equations. (2),.
(22), and.(32) are_substituted into Equation (30), which gives a.form normalized by
local conditions upstream of the shock wave:
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Similarly, substitution of Equations (10), (22) and (33) into.Equation (31), leads. to..
the-following expression. for non-homogeneous separated flow:

P4
I
-] l
8™ ™
- =
e e s NG TS s~ il

[Mﬂ U°] » " " s
2. .
s 80 S (fo 8°'~ { 1 .+..u.,(f/'fv )0.&3,..’,}"“5 -

% /s %0 /'S~

T(35)

0 Lew]

Coniparison of these predictions with expreimental measurements. are-shown. in. Figure 13,
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3.0...

3.1

PROTUBERANCE INDUCED FLUCTUATING. PRESSURE ENVIRONMENTS

Recognizing the impracticality of investigating the fluctuating pressure environment
of every protuberance which may be attached to the external surface: of & launch..
vehicle, a systematic study was conducted by Wyle.Laboratories in cooperation with
NASA~MSFC to-investigate the flow fields induced by. generalized protuberance
geometries. The results of this study are reported in References 22 and 23. The first
ebjective. of this study was to.investigate general features of-protuberance flows. at
transonic speeds using generalized protuberance geometries. consisting of right circuler ..
cylinders of various heights and diameters which. projected into the flow with the axis.

of the cylinder normal to.the flow direction. .In.view of the free=interaction hypothesis
first- advanced-by Chapman, Kuehn.and. Larson. (Reference 24) it was_anticipated that
the.use of generalized protuberance shapes was.a teasonable approach. in the study of
protuberance induced flows and attendant fluctuating pressures.. Essentially, this
hypothests states that boundary layers undergo separation in a manner which is inde-
pendent of the original: cause.. The.separation commenses well chead of the protuber-- -
ance, which leads.to the:-conclusion that.the flow near-the separation.point.was unaffected
by the detail. geometry of the protuberance.. This hypothesis was verified to some exrent;
hawever, it was noted in References 22.and .23, that distinet differences do exist between
two--and.three~dimensional protuberance flow fields. These.differences are discussed
herein, Also, in close proximity to the protuberance, the local fiu.: cheracteristics

i

must depend on_the detailed. protubérance geometry. The-validity ui the free-inter- -
action hypothesis as.applied. to.the wake region of the protuberance induced flow. field
appears. to. be:subject.to restrictions similar to those for.the.upstream separated flow..
region.. In the far=wake,. the hypothesis is valid; whereas, inthe near-wake the detailed
protuberance geometry must be-considered. -

Analyses of protuberance: induced fluctuating pressures as presented herein will encompass
both-the generalized cylindrical protuberance and two.typical specific geometry protuber-
ances.

General Characteristics. of Protuberance-Induced.Flow:

Before:discussing the -prediction methods,. some: general comments in regard fo.protuberance
induced flow.fields should.be made.. A photograph of a typical oil. flow_pattern around a
cylindrical protuberance is shown.in Figure 15... The-oil flow. pattern.was obtained by
injecting oil. of different colors into the attached boundary layer upstream of the_perturbed
flow.region.es well as.in close proximity to the:protuberance.. Any protuberance, regard-
less of geometry, whizh. extends into or through an attached boundary layer:will_1) tend
ta induce separated. flew upstream of the-protuberance and 2) generate a wake down-
stream of the protuberance.. Both the:separated flow. and-wake regions are clearly
defined in Figure-15. These two. regions will. be discussed separately,

Qil injected through the three.upstream orifices flowed. aft and was.deflected around

the protuberance by the separated-flow. field. Qil injected into the separated flow
region flowed in a direction. counter to-the free stream = indicating a reverse flow:
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environment, and.transverse fo the free-stream = indicating circumferential flow.due:

to the:side relief afforded:by the three~dimensional nature of the-flow. ficld . Further-
more-the upstream separation line or front.is parabolic in shape-as. may be anticipated. _
for.a three-dimensional protuberance, particularly for one having a cylindrically shape.
The important feature of the oil flow pattern in the separated flow region. is the con-
centration of oil.along a secondary front which-is downstream.of the front caused by
separation of:the boundary layer. This suggests a.condition of low velocity ot angles.

perpendicular to the.secondary front.. The:-presence of the.low. velocity region imbedded. _

within the separated flow. has not been observed in. two~dimensional separated flow and
is apparently- unique to the three-dimensional case,

The length. of the.upstream separated flow region.at.the longitudinal centerlinewas
evaluated from oil-flow. studies of the 4=inch diameter protuberance for. the Mach.
number range from 0.60 to 1.40 and h/D-range:from 0:-t0 2.0. The separation. point —

is identified in.Figure 15. The resulting.variations of normalized.séparation length,
Ls/D, with h/D for the various Mach numbers of the test are presented in Figure 16. .
The. curve presented for: M, =-1.60 was.determined by exirapolation of the: lower. Mach
number data to. Mg = 1.60.. An increase-in.either protuberance height or: Mach number
resulted in an increase in separation.length, . The trend in the data indicates that the:
separation. length will .approach asymptotic values for large-protuberance heights. Also,
even though oil flow.studies were not conducted. for:other protuberance diameters, the. ..
static~ and fluctuating=pressure data indicate that protubsrance diameter is the appro-
prigte normalizing parameter.

Oil injected at strategic points around the base of the protuberance resulted in the flow
pattern for the wake. The wake flow. is characterized by a.short converging region which
is terminated. by a natrow neck followed by a diverging region. The converging region
will be denoted as the near wake.and the diverging region as the for wake with the neck
region separating the two. The neck and far wake are cleatly shown in Figure 15;-how-
ever, the.nearwake-is.partially ocbscuted by the protuberance due.to the slight down-
stream angle: of the_comera view. In the wake, it is obvious that.the flow. will be.
perturbed for many diameters downstream.of the: protuberance.. . Generally,, the neck
region which. separates. the near= and far-wake regions appeared to_occur: at approxi-
mately one diameter aft of the protuberance (r/D-~ 1.5) for M, 2. 1,20, For lawer
Mach numbers, the wake was ill defined by the oil flow pictures; however, the fluc-:
tuating pressure measurements indicate that the neck region moved aft-with decreasing
Mach_number..

* A.composite:schematic showing typical axial distributions of static pressure coefficients.
and-root«mean-square fluctuating pressure-coefficients, and a possible.model. of the flow
field.upstream_of_the. protuberance is presented. in Figure: 1Z.. Sufficiently upstream of

the: protuberance,, the flow is attached which results in static pressure coefficients of -
approximately zers, and fluctuating pressure_coefficients of-approximately 0.01.. The___

latter results primarily from tunnel background noise as.discussed in.Reference 22, For. . .

the case shown, which.is the My, = 1.60, h/D = 2,0 condition, the most upstream -
boundary of the perturbed. flow is the shock wave. The shock wave induces a nonlinear
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! increase in static pressure-coefficient and a.relatively small peak.in the. fluctuating
pressure-coefficient... The mean shock wave. location corresponds.to. the inflection ...

' [ point in the static pressure data._Immediately oft of the.shock wave,. the boundary:

3 layer undergees.separation which, in turn, results in. a region of relatively constant,
plateau, static pressure. . In.the plateau region, a gradual.increase-in fluctuating
l pressure level with decreasing distance from the protuberance-is. observed.. In contrast
_ to these data, the-two~dimensional protuberance: (or step). case of References 19 and 20
show_a region.of plateau.fluctuating pressure corresponding to the region.of plateau
, static pressuce: (as. shown in Figure-18). This. latter discrepancy between two=- and.
three~dimensional separated. flows is the first indicatior (as the flow. is examined.
moving downstream toward the-protuberance) of dissimilarities betw.aen the two.cases.

[ Further, the fluctuating, pressure.levels.for-the three=dimensional case are an order. of .
magnitude-greater than that for the two-dimensional separated flow region. Immediately
downstream of the-plateau.region, the flow exhibits ~ «'dden reduction-in static pressure,_

" and the beginning of this sudden.reduction. cotresr: . peak in the fluctuating pres=-

- sure level .. Corresponding to.the region of low.ste.. = iure-is what may be.envisioned

as a plateau region of fluctuating pressure for the- Mg, = 1.60 condition; however, this .

is not typical of all Mach numbers, since-the fluctuating pressure: decreases toward. the

- protuberance: for the:region of. low. static.pressure_as discussed in Reference 22, The .

distinct nature of the sudden static pressure reduction and the.strong levels of fluctuating

pressure are unique to the three-dimensional separated flow case as shown in Figure 18.

. Based .on the characteristics of the induced separated £low.as exhibited by the.static ..
pressures,. fluctuating pressures, and oil flow pictures, a model of the upstream.perturbed-
flow can.be postulated. Consider a system of horse-shoe vortices, which when viewed
_ in the plane-of symmetry appear as shown in Figure 17, Two major vortices are assumed.
[ vo be_rotating such that a condition of reverse flow. exists. near the wall of the test panel
- witha third, smaller, vortex teapped near the.wall between the two -major vortices.and
. rotating in the opposite direction. Thus, the boundary conditions at.the inner: region. of
- } the separated shear layer.and within the separated flow are satisfied.. Also observe that.

- the.upstream vortex may be slongated which would.result in a relatively constant static.
pressure, plateau, region. . Theaft vortex, because:of the geometry of the flow, may be .
more circular. which.would induce a nonlinear variation.of the:wall pressures as observed.
in the-static pressure distribution. . Further, because-of the different. static- pressure. levels....

associated with the-two vertices, it may be postulated that the: inner vortex has a higher.— ..
f tangential velocity ot the wall.than_does the forward, elongated vortex.. . Finally, the:
) shearing mechanism. that would.result due-to the opposite velocity vectors in the.region.
between. the two.vortices would.cause adiscontinuity. in the wall shearstress which . ...
[ would.enable. oil to be-trapped .in this region (corresponding to the secondary. frent.
noted. inthe. oil. flow- pictures). and also disturbances from the shear.interactiongguld-
L generate-high level fluctuating pressures s noted .in.the axial distribution of A/ -/;qm;_

sy
[ |

Figuzes 17 and 18.. The direction.of rotation.of the.vortices isverified from the oil flow
patterns over. the. surface of the test panel (Eigure 15) as well as in_photographs of titanium
dioxide studies of the protuberance flow pattern. . It is interesting to note that:the titanium.
dioxide flow: patterns (side view) showed the separation of the flow from.the wall.of the
protuberance near the 90-degree roy very clearly as was ebserved in the static and
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3.2

fluctuating pressure measurements over the wall of the 8=inch diemeterprotuberance.
presented in Reference 22.. One final sample:of data which.adds support.to the validity:
of the postulated mode!: of the:upstream separated flow is presented-in Figure. 19.. Here,
the flow pattern upstream.of a cylindrical protuberance. has been photographed using
thin filaments of smoke for flow-visualization (Reference 25). The multiple vortex
pattern upstream of the protuberance. is.clearly defined. This condition was extremely
low speed (on the:order of 5 fi/sec); however, the present data suggests that the basic
features.of the flow field.remain unchanged at transonic Mach. numbers. Other fluc-
tuating pressure.data which. distincily. show.similarities.and differences between.two-
and three-dimensional separated flows are the power spectra and. cross-power spectra
which will be discussed in the follewing subsections.

The flow structure.in the wake.of the protuberance consists.of a.converging, near wake, __
region; a neck region of nearly parallel flow; and a.diverging, for wake region.as pre=
viously noted in Figure 15, Fluctuating pressures in the wake generally reach maximum.
values in the neck region. (/D = 1.5. for My =-1 .6) as shown in Figure 15. Additional
insight into.the flow structure of protuberance wake-flows will be forthcoming. in the
discussions of power spectra and cross=power spectra in the-following subsections.

Analyses for:the purpose.of deriving prediction formula for:protuberance induced flows . ...
are.based on data taken. along the longitudinal conterline (in.the-plane of symmetry). .
Generally, the most severe. fluctuating pressures:for protuberance: flows accurin the

plane. of symmetry. . Comprehensive data for.regions.around-the. protuberances are

presented in Reference.23. It suffices to note here. that the_region around the. pro=
tuberance is characterized by a gradual transition from upstream separated: flow. to.
downstream wake. flow . Both static and fluctuating pressures exhibited gradual changes
from one tegion to.the other; however, relatively severe fluctuating pressures. were..
observed near the edge of the wake as well as along the longitudinal centerline (see-
Reference 23). . __
In the following subsections, separate analyses are presented for 1) the protuberance.
induced separated flow field, 2) the protuberance_induced shack wave oscillation and .
3) the protuberance induced wake flow_field. ,

Protuberance Induced Separated. Flow

Overall. Levels — As noted.in the foregoing discussion,. the-separated flow field induced
upstream of a three~dimensional. protuberance will.consist of two.distinct regions which:
are referred to_as.the-inner.and auter:tegions.. . According to the Chapman, Kuehn, and..
Larson free=interacticn hypothesis, the.outer region of. the separated. flow_field for a_ ..
three=dimensianal_protuberance-should: exhibit fluctuating pressure characteristics

similar to those observed. for two=dimensional and.axisymmetric flows. Immediately
aft-of the induced shock wave at the separation. point;, the:rms fluctuating pressure ...
levels are in fairly close agreement as shown. in Eigure 18.. However, deviations

between the.two cases occur: a short distance aft of the:shock wave-and. grow increasingly
greater. in the direction of the protuberance. Prediction of the rms fluctuating pressure
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levels.is complicated by-their dependence on free=stream Mach number, protuberance-
diameter., protuberance:height and. location in the perturbed flow. field. Thus, it does
not appear feasible t0-propose prediction methads for the overall levels. However, a.
representative set.of data. is presented.in.Figures 20a-f for Mach numbers from 0.6.to
1.6. Additional data is presented.in References 22 and 23.

Data presented in Figures 20a-f show.characteristics typical of both. the upstream
separated flow field and-the downstream wake flow field.. In the upstream separated
flow region, it.suffices to note. that the region is.extremely non-homogeneous with.
vl
P

*/0s rangingfrom 0.04 to.0.12 in the-outer region of separated flow. and from i

0.06 t6.0.12 in the inner region of separated. flow with peak levels between the:two L
| regions. ranging up to.approximately 0.22.. Thus, the development of generalized - "
- prediction. formulas of ovurall levels for the separated flow. field is. considered to be. ’

“ impractical.and reference should be made to experimental data for any particular case- ‘f

of interest. .

. Power Spectra. - - The. derivations:of prediction formula.of the: power. spectra. for the i
T separated flow. field requires separate_analyses of the inner:and outer:regions. . Both ..
e regions are. non~homogeneous as.evidenced by the. variations in.overall levels and, as
: a.result, prediction formula.will represent the spatial average spectrum shape.within.

that-region.. . However, it will be noted that:the. prediction. formula for-each region is . . ‘
([ derived.as a function of mean.square overall fluctuating pressure levels. . Thus, under
ap the assumption.of similarity of spectrum shape with spatial location, the proposed
prediction formula will contain the non-homogeneous effects. as they affect the
{ : spectrum levels. . .

Normalized:power spectra for the-outer.region.of.the separated flow field_at a short v

| i'u | distance aft of the shack wave (corresponding to\lfz;/ 9= 0.04)_cre presented in _

| Figure. . These data represent the same:relative location in the separated flow field
D ‘ for My, = 1.4.and 1.6, and.h/D = 1.0 and 2.0.. It was anticipated-that these data
'i 4; were-measured sufficiently aft. of the_shack waves to.preclude.any. contribution. of the.
: shock wave. to.the:-power spectral density. . Also,. the:measurement locations were suffi=._.
i ciently forward of the inner region.of separated. flow.to preclude <ontributions to the--
" l ! power spectral density from this.region. .

It is interesting to note the excellent data collapse achieved by. using the separation.

length, 4, as.the-typical length.aond free~stream velocity,. Uy, as the:typical velocity..

For the range.of data presented:in Figure 21, the separation length-varied from 1.75.to
2..35.diameters, Other typical lengths which were-considered. were inflowing boundary

layer thickness. 8, boundary layer: displacement thickness, 8", and.protuberance:diameter, _
D... It is:not surprising that: the best collapse. was. achiéved using. separation length since
it.is a direct measure-of the scale-of the separated flow field. Also, this.patameter

contains the. effects. of-both.protuberance height,. h,. and-protuberance. diameter,, D.,.

It will:be: noted.in Figure.16 that both h-and:D have. an. effect: on.the separation length.
At:small values of h/D; protuberance height-is the more influential poraineter on separation
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{ length; whereas,. at large.values of h/D, protuberance.diameter is more influential.
. The: dividing point between these two ranges occurs. where (h/D)/(4/D) = 1.0, and_
[ thus_it is a function of free=stream Mach number. At very low values of h/D, the-
power specira should collapse using h as a typical length; whereas, ot large-values.
of h/D, the spectra should ¢ollapse.using D as a typical length.. Naturally, the:
{ choiceof h or D is avoided if 4 is used as proposed herein..

,,
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Eor. the range- of Mach numbers studied. herein, it is not possible to evaluate: the
accuracy of Ugy as the typical velocity.. Other investigators.have suggested. local
velocity, Up,. as.discussed in. Section 2.2.. As.a matter of convenience, Ugy, will- .

- be-employed. herein; however, conversion. of the prediction formula.to another typical
; velocity can be achieved.with relative.ease. For the present analysis, the:selection.
of a typical length.was certainly the most critical task in order to achieve.meaningful o
T prediction. formulas. .
Power spectra for the region of minimum V p]q o within_the. outer region of the separated
flow field is closely represented by the following empirical formula:_
y
@ (f) U P2/
Yo /. (36) %
2 3
9o 4 fo 4 { » m}ms c‘
® s U L+ (/%) j
©® i
i
where i
' U 1
= . - i
fy 0.412 1 ‘
g A comparison between Equation.(36) and.the- experimental data is shown. in Figure 21. ;
It.will be noted that this.equation is somewhat different than Equation (10) which was
derived. for two-dimensional separated flows in.Section 2.2, :
i
For.a.true comparison of the two prediction formula, Equation (1Q). was rederived in %

terms of separation length, £, and free-stream velocity, U, using the values given
in Reference 21. The resulting equation.is:..__
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A comparison of this equation with experimental data.is also shown. in Figure.21., .
Although the disagreement is not.overly disturbing, it-does suggest.that the-_free--
interaction hypothesis. is questionable when.applied.to. the fluctuating_pressure-
environment in the outer region of separated flow.

To check the validity of Equation 36 for other areas of the outer. separated flow region,
comparisons are made with. the. power spectra for two. protuberances of different diameter
and various radial locations in Figures.22a-¢. At.r/D = 2,50, the measuréments were. -
taken.immediately aft: of the shock wave and, in.fact, may be upstream of the outer
vortex since-the- il flow photographs indicated. that.separation. eccurred.at.r/D-=2.35
for_this.condition.. However, the.shock wave is.known to be_forward. of the.s/D =2.50.
location. Thus, the disturbances appear to have a.spectral_content between that defined.
for two= and three~dimensional_separated flows as shown in Eigure: 22a. The.influence:
of the shock wave on the low.frequency spectral density. is evident for.the 8=inch pra-
tuberance data in Figure 22a. _The location, r/D = 1.75, corresponded to the region.

where d F?/q o 0.092 and, thus, should exhibit the effects.of non~homogeneity on

the.power spectra.. The close agreement between Equation (36). and the experimental -
data shown in Figure 22b.indicate.that.nan-homogeneous effects in the.outer region.are-
essentially an.increcase in fluctuating pressure levels with little change: in sepctral
content. Atr/D.=1.50, corresponding to the boundary between the inner and .outer _

regions of the separated flow field, maximum fluctuating pressure levels are reached, ..

mation at low frequencies and an.over approximation at high frequencies. Since.the. .
spectrum level is a function of -l.;i/qin in Equation (36),. the-over-approximation at high..
frequencies is.attributed to the high level disturbances.at low frequencies and theie
influence.on 'l;z‘“/q; In other words, the spectra at r/D.=-1.50 is believed to_have

the same basic shape as the: outer region with the.exception that low. frequency madula-.
tion in_a. longituding direction. of the flow structure.increases the low frequency spectrum.
level.. This low: frequency energy is similatto that.noted for a_shock wave and apparantly
results from a similar-oscillation mechanism. It obviously does not.result from a.contri- .
bution. of the .inner.vortex structure as.will be shown.later. Forword. and.aft-movement.

of .the vortex. structure. would cause-a longitudinal_modulation of the.instantaneous. static:
pressure-distributions.. Since, atr/D =-1.5, M__ =1.60, h/D =2.0, a.large-pressure..

gradient is present, modulation will result-in.a ﬁuctuaﬂhg,pressure-si'nﬁ lar ta that noted
beneath oscillating:shock waves. This may easily be the-mechanism noted in Figure 22¢-, .

A representative:sampling of power spectra for the inner region of the separated flow.
field is: presented. in_Figure 23. These.data have little-in.common with the spectra._
measured.at £/D. 21,50, _This is.consistent with.the postulated model of the-separated.
flow field. Thus, a new. prediction formula is required.for r/D: £.1.50.. The following
equation is.in close. agreement.with the power spectra for the: experimentally-measured:

data_for_a_range of test conditions:
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qz(")' o — s (38)
- 0
qm -ﬁa _G_s {1 + }(f../fo)_uz,}.
(e 0]
o= 13
0

A comparison:of.Equation 38 with experimental data for protuberances.of 8«inch-and .
4=inch diameters, r/D.=1.25, is shown.in Figure 24.. The agreement.is censidered !

to.be excellent.. The.power spectrum for two-dimensional. separated. flows as defined. T
by Equation (37) is also shown in.Figure.24... A .comparison between this equation. and -

3
>
3
)

) experimental. data reveals large- differences between the:-two. flow. fields. . Finally, it . :
e should be:noted. that the lack of a.peak in the:experimental spectra at_low. frequencies 4
' t supports the preceding argument that the anomaly observed.at low. frequencies af... §
: r/D.=-1.50. (Figure 22c) results from some.mechanism other than the disturbances con- i
_ [‘ tained within the inner vortex. ) f
In.summary, the:power:spectra for the-separated. flow field upstream of a.three-dimen- )
- sional profuberance:supports the postulated, multiple vortex, model of the.separated H
- E region.. In the outer region, corresponding to the outer:vortex structure, the power Y
. spectra can.be accurately represented.by a single_equation.with non-homogeneous... !
: " effects adequately contained.in the mean=square-averall. level parameter_in. the pre=~ - P

diction equation... Immediately downstream of: the shock wave, the spectra.for two=
and three~dimensional separated flaws.deviate from.each other even though some..
similarity in shape. is retained.. Finally, in the inner region.of separated. flow drastic

differences are observed between the power spectra. for: twa--and three=dimensional
separated flows for this region,

Cross=Power Spectra —Cross=spectra for- a.representative condition (M, =1.60,.
h/D=2.0) are presented in Figure 25. It'will be noted that: reasonably- good correlation — ..
is shown for_microphone pairs located beneath the forward vortex, poor.coherence: for
microphone pairs.located near the:-region.between the: two major vortices, and. fair
correlation.for'microphone: pairs located in.the region of the.inner vortex. Disturbances _
generated in theregion of interaction. between. the two. major: vortices would not be-con=
vected.directly across.the microphones near:the-protuberance because-of the-direction.of
rotation of the inner vortex. Thus,.seme-oss of coherence (compared to that for: the-

cuter vartex system) may be expected. Typical variation of the csherence function.
vY?(£,.f) with Strevhal frequency: (1 £/U,)_have been analyzed. for attached flow. and.
two= and three-dimensional separated.flows. These datashow. that.the. three=dimen=:

sional separated flow: field loses: coherence: very rapidly in.comparison with.the other. ___
two- cases, as may be: expected from_the-spiral-horseshoe-vortex structure-in the
separated-flow field. .
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As a first. approximation, the normalized longitudinal co-spectra may be represented
by: . .

CE,f) = 0¥ o 08 (39)

U.

where a is.the coefficient of exponential decay which will vary with spatial location
within. the separated flow. field.. On_the average, the coefficient of exponential decay _
was approximately the same for both the inner.and outer regions.of separated. flow; al=
though, the ccherence.was more. clearly defined for the outerregion. Thus, a valueof
a= 0.7 should adequately represent these two regions.. Between the: inner and outer
regions, the coherence should be assumed to be approximately zero ora=c0.

Protuberance Induced Shock Wave Oseillation.

Overall Levels —-Oscillation of the-shock.wave:immediately upstream. of the protuber=
ance- induced separated flow field. produced surface. fluctuating pressures very similar to.
those observed upstresm of two-dimensianal separated flows s shown in Figures.12.and

18. . The measurement of peak fluctuating pressure.levels beneath oscillating shock waves .
is extremely- difficuit since the. disturbances are highly localized and the shock must.be
centered directly over the.measuring instrument.. For the range of protuberance:test
conditivis reported in References 22.and 23, only a few. examples of shock wave .
oscillation were recorded. . For these canditions, rms levels ranged up.to 0.07 as.shown
in Eigures 20a-f. These data.are consistent with the levels measured by Coe-and others
in References.14, 19, 20, and.21.

Tt shi et ‘i:" :i_ng 'E'i"'t'“’ .
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Power Spectra — The power. spectra for shock wave.oscillation induced by three-dimen-
sional. protuberances are very: similar to that reported by Coe-for two-dimensional
separated. flow_(see Figure 12). A comprehensive_analysis of the spectrum shape, and
the mechanisms which contribute ta the fluctuating pressuces.beneath oseillating shock
waves was presented in Section 2.3 and will not.be repeated here. _The similarity: in
the spectra for: the two cases indicates.that the-region of shack wave-oscillation_is
effectively a free=interaction.region and the.attendant fluctuating pressures are.
independent. of the detailed. geometry of the. protuberance. The-generalized. prediction_
formula for:shock wave oscillation.as presented.in Section 2.3 should.be. appropriate
for-the-prediction of power-spectra.for: regions.beneath protuberance. induced shock
waves... However, one-interesting anomaly is.evident in.the shock oscillation. data..
presented.in Eigures 12 .and 18.. The normalized spectrum.levels are generally-greater . .
for the three-dimensional protuberance than for the two-dimensional case- (Figure 12);
whereas, the overall-levels.(Figure 18) are less for the three~dimensional protuberance:, :
This.anomaiy appears to.result.from eithec= 1) the:normalizing parameters, 8 and U, -
are: notcorrect: or. 2). the overall levels. are_incorrect. Since shock wave oscillation.is |
a low. frequency phenomenan,. it.is possible that the: microphones: employed in.the study.
of: three~dimensional protuberdnces. reported: in:References 22 and. 23 failed: to record . .
the low. frequency fluctuating pressures. due to.response: toll-off (see Reference:22).,
Consequently, the measured overall levels may be somewhat lower.than the actual case:,
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However.,_a more significant effect_appeors to-be-the use.of &, as the typical length.
Compatisons of power spectra using separation length £ appears to give a much closer
collapse-of the data.as shown in Figure 26. The new. predlchon for that: pomon oF the
spectra resulting from inviscid shock wave oscillation, expressed in terms of £

B2 )$N

0 S ) 1+ (‘: f; )_1-55 1
Voo SW{ /h }

(40).

where

£ 0

({fi) = 8.75x 1072
W

(Fi/qf:o )ISW = 4.5 107

The contribution of the_separated flow in the immediate vicinity of the shock wave s
given by the two-dimensional expression:

O U P2/t ).

kK l— @1 = « ( qm)s, @y
| .%ns) . N

® S ( U s {]_: + (f/fo)_o,ea } 2,15

0.

N\
§

where
£ 2
({ri) = 0.70..
u_k T

(P%a2,)

As noted.in Section. 2.3, the value of k, may vary from approximately 0.25.to 1.00,
depending on.the mean lacation of the s‘:ock wave relative to the.measurement location.
For Coe's shock oscillation spectra, k,=-0.25,

i

1.6 x 10~

For the.cylindrical.protuberance-data presented in Figure 26, k  =0.25,. guves a.good .
empirical fi to the experunentally observed spectra. It will be ncted that-the two=
dimensional. expression. for the separated flow: is.employed here since the separated . .
flow in the-immediate vicinity: of the shock wave appears to. exhibit fluctuating.
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pressure characteristics typical. of twosdimensional flows rather than characteristics.
typical.of the outer vortex. _In fact, jt is highly possible that the_flow undergoes-
separation a.short distance-aft. of the shock wave rather than immediately aft of the

shock wave since Equation. (10) closely resembles that for attached tuibulent boundary
layers as.mentioned in_Section 2.2,

The- final. expression for the: shock wave oscillation upstream of a cylindrical. protuber~
ance is the combination of Equations (40) and (41): .

PYPRS *
M Ug] : G /.qmliw » -
- 2 ‘
q 1 (-0-28_) : TR S A
, o 'S . 1 + (f/£) .
W\, sw{ e -
F/gz . ‘
0.25 ( cn)s ‘ ( 42)
£ 2 ?
28 : ¢ \0.8 42,15
(U ) {1+ 67608}
t where: §
K f 4 H
- (%) = 8.75x 107
f, £
(_o__s,) - o
Ug /s
: Also for the case.shown in Figure 26
K I_’_T/_qz - ~4,5x 1073
[ )
: 5272 - 10=3..
[-——— (?:/qw)s' =-1.6.x.10°

Equation_(42) is in.excellent agreement with experimental data es shown. in Figure.26,
As previously noted.in Section.2.3, the prediction formula for the power. spectra of

- shock wave- os¢illation halds true only at a_point.corresponding to-the-mean location.
l of the shock wave.
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Cross~Power Spectra — Cross=power spectra.for protuberances induced-shock wave:
oscillation-were not-computed in References 22 and. 23, However, the close similarity
of the averall.levels and power.spectra between two=-and three~dimensional separated.
flows forthe region of the shock wave indicates that: the cross=spectra for. three=dimen~
stonal protuberances will.closely resemble thosefor the-twe-dimensional case.. .Thus,
Equation (25). in Section 2:,3_should be appropriate here with the possible exception. that
the typical length dimension should be- 4 rather than §,.

At this point in time, the spatial characteristics of fluctuating pressures remain open..
and.will require additional study.. Certainly, considerable insight has been gained.as .
a.result of the studies.reported in References. 19, 20, 22, and 23; however many questions
in regard.to. shock oscillation phenomena remain unanswered.

W
NN

Protuberance Induced Wake Flow

Overall Levels — -Typicalrms fluctuating pressure levels for the. wake-flow. field
downstream. of cylindrical protuberances.are-presented.in.Figure 27 (8~ = 180.degrees)..
The fluctuating pressure-field associated with.the.wake of o protuberance extends over

a relatively large axial distance.. It is difficult to.distinguish the near-wake, neck,
and far=wake regions in the overall. levels, however, the general_trend is that peak .
fluctuating pressure levels occur: near the neck with. decreasing, levels.in the near--and
far-wake: regions. For.certain.conditions the peak.levels of fluctuating pressures.occur— ..
three or four. diameters aft. of the protuberance. . As noted in References 22.and. 23, it

is difficult to define.consistent trends in the wake results and perhaps this confusion is

a result of the.complex flow. structure that. exists in the wake.and the way it changes

with variations in both Mach number and protuberance height .

Power Spectra- — Power spectra for the-wake exhibit. characteristics_of a non-homo—
geneous. flow field:which is gradually. changing in space.. It is.difficult.to determine
precise trends in the: power spectra with variations. of either. Mach.number, protuberance
height, or axial.location (see-References 22:and 23),. Typical power spectra, normalized
by protuberance -diameter: and free=-stream velocity, are_presented.in Figure 27. The.
choice: of diameter as the:typical length was necessitated by the lack of a.typical length
scale for the wake.flow. field._.In the upstream separated flow:field, the separation.
length, £, was found.to be_an.appropriate .normalizing parameter.. However, in.the-
wake-the choice is more difiicult:since the. geometry of the wake_is relatively unknown.
Perhaps the axial distance.from. the protuberance:to.the neck region is a typical dimens-__
ion.for. the wake structure; however, this:parameter is not clearly: defined. . The flow..
field.in the wake. is complicated.by: 1)-the flow. around the protuberance- which will
have a characteristic scale in. proportion. to. protuberance: diameter.and. 2).the. flow
over-the top of.the-protuberance.which will_have a.characteristic.scale.in proportion. __
to_protuberance: height.. Furthermote;, the nén-uniform distribution of velocity and-
flow_direction upstream of: the: protuberance- as caused.by: upstream-separated flow
further. complicates the: analysis for the-wake. lf is.concievoble that a characteristic:

N dimension for the-wake does not-exist.in.the way: that-it.was_defined for the upstream.
' flow field. For this reason,. only one-case-will be analyzed: corresponding to- M, =-1.6,
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h/D.= 1..0,. For_this condition, a.single prediction formula. appears to-be representative
of the power spectra for. all three regions of the:wake.. The equation is given as:

& (f) U P2/q?

— ® = % (43).
9% o FO_D 2.42

K {.l + ({-T/fo ) j‘ }
where

f. D

[}

—l-J: = 0.95 S

A comparison.of Equation.(43) with spec¢tra.for the near-wake,_neck, ond-for-wake
regions is shown in Figure 27. The agreement is considered:to.be excellent in the
far-wake with increasing discrepancy occurring in.the direction of the protuberance. .

Cross-Power Spectra —- Typical cross=spectral. density results.for the_protuberance wake
are presented as normalized_co- and quad-spectra.in.Figure. 28. Maximum coherence.
in the wake occurred in the neck and.far-wake regions as evidenced by the- lower: decay:
rates.of the.cross=spectra...In.the near-wake, r/D.£.1.50,. the cross=spectra decay: very
rapidly and in general show poor correlation. . The: correlation. increases to a maximum

in the neck region and this is atiributed.to the non~dispersive nature of the parallel.
flow.in.this region.. In the far wake, the flow. has a diverging. pattern; however, good:
correlation. was still attained... The larger separation. of the microphones. in_the. far wake
resulted in-a.loss of coherence.in. the low. frequency components... In general ,. the wake.
flow. was.characterized by positive.convection velocities (convection in.the direction. of.
the free stream). as exhibited by the positive-values of the normalized frequency parameter
and the trend in the quad-spectral. density-

The longjtudinal .co-:and quad-spectra in the neck and far~wake regions for small.
spatial. separations can be represented by exponentially damped. sinusoids as: follows:

C (¢, =e2 "o e oanrts,
- . =2mafé/U_ .
Q (§,f) = = c_sin2wf §/U.

where the coefficient of exponential decay-is given.by a = 0.19, _

Lateral cross=power spectra.were not computed. for the wake flow: field.in References .
22 and 23, and consequently prediction fromula are not propesed .
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Another. way of expressing the spatial characteristicsof a fluctuating pressure field is
with the coherence function which. is the square of the modulus for the cross-power
spectra. A comparison of coherence. functions for various basic and protuberance
induced fluctuating pressure environments is presented in Figure 29.

3.5 Comparisons of Generalized and Specific- Geometry Protuberances

Tests were performed as reported. in Reference 22 to investigate similarities between
generalized. and.specific geometry protuberance flow fields and attendant fluctuating.
pressures. This study was a cursory examination .of spacific geometry protuberances
since only two configurations were studied. Thess-configurations represented.scaled.
models of the Reaction. Control. Systems (RCS). and Auxiliary Propulsion.Unit (APU). on
the.Saturn. V.. The results_presented hereir. represent only the salient. characteristics
of the induced fluctuating pressures since-only rms levels are presented.. A comparison 4
of the axial distributions of rms fluctuating pressures for the RCS protuberance and a
2-inch.diameter cylindrical protuberance-with h/D.= 0.5 is presented in Figure 30.

The agreement is good, particularly in the upstream separated.flow field-and the far=

wake region. . A.similar comparison, between the' APU protuberance and a 4=inch .

diameter cylindrical protuberance.with.h/D = 1.0 is shown.in Figure 31. The elongated .

shape. of the-APU. protuberance resulted in peak fluctuating pressures at.a distance further.

upstream than that_observed for the:cylindrical protuberance.. Also, the wake disturbances
are.in agreement. only in.the for-wake-. .However, in both the upstream and.wake flow .
fields, the trends in the data are similar.
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CONCLUDING REMARKS

Analyses of various. unsteady. flow environments.have been. performed for the purpose:

- of defining empicical formula for_estimating the. statistical properties.of the.attendant

fluctuating pressures.. . The surface-fluctuating pressures for both basie -unsteady flows.

= consisting of attached turbulent boundary layers, separated flows, and shock-wave .
oscillation —and protuberance.induced flows have been reviewed.. The resulting
empirical formula are characterized. by (1) the-simplicity of their mathematical
formulation, (2) the relation.to the. physical parameters.of the flow,. and (3). good
agreement: with. the-available experimental data. Of particularimportance are: the-
formula for the Power.Spectra.and Cross-Power Spectra which have been.derived as
functions of the overall mean square levels.. These formula are summarized below. .

Power Spectra

Prediction of the power spectra for the- various unsteady flows with the exception of
shock-wave oscillation have the following form:-

MU _ P2 /a2,

where : U = characteristic velocity
L = characteristic length.and
fd = characteristic frequency:

For shock wave oscillation, the power spectra is a.combination. of power spectra for
inviseid shack.wave motion as well as: contributions from. the.separated flow near the
foot of the shock wave. The prediction formula has-the-fallowing form:

. : L )
<¢:f) y ) 3 <¢if)-u>‘ - < Joxt
o fw \ebfsw T\l

where. kr m 0,25, the subseripts SW .and.. $ denote_shock wave and separated: flow:

respectively, and the superscript 1 denotes. the absence:of viscous effects,
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Generally, a prior knowledge-of. -l;?/q:o is required to.predict the:power spectra;

however, prediction formula for the-overall levels are presented for attached turbulent
boundary layers and two-dimensional (or axisymmetric) separated flows.

The separated flow upstream of cylindrical protuberances consists of an inner and
outer.region which require separate prediction formula,. These regions.are non—
homogeneous; however, the spectrum shapes remain. fairly coherent.within each .
region.such that the -non-homogeneous effect.is contained. in_the. mean-square-overall
level term of the power spectrum equations. . Both shock-wave oscillation and the

[~ separated flow appear to have spectra which.scale with free-stream velocity and .
separation length for the.cylindrical protuberance.case. Close agreement was achieved
between the. spectra for shock oseillation upstream of two= and three~dimensional .
separated “lows using, separation.length.and.free=stream velocity as normalizing para- .6
meters.. The wake downstream of cylindrical protuberances. consists. of near=wake,
neck, and far-wake regions. Empirical formula representative of all. three regions for
Mcn = 1.6, h/D=1.0.were derived; however, this prediction_is not.considered to

ekl

B TON N

be.general since protuberance diameter and free=stream velocity were.empioyed in.the

normalization. . Examination. of the_experimental data show-large effects of bath. . &
free=stream. Mach..number and. protuberance height on the pawer spectra in:the-wake,
Although protuberance diameter: appears: to. be a typical length:scale for a fixed. ¥
protuberance height-to=diameter. ratio, and at.a given. Mach number, it is. nota . §
typical length scale in.the general sense as separation length was_found to be for the 3
upstream separated flow field, 2N
4,2 Cross=-Power: Spectra- 3

ey

The spatial coherence. of the fluctuating pressure environments as defined by the

- cross-power. spectra. were: evaluated for the various unsteady flows. . The. crass-power
spectra for attached turbulent boundary layers, two=-and three-dimensional. separated.
flows and. protuberance-induced wake. flows appear to be fairly well defined at. least
in the_longjtudinal_direction. . Much uncertainty remains for_transverse.cross=power.
spectra.in.upstream separated_flows, and protuberance wake flows.. Both. longitudinal
and transverse- cross-power spectra for the regions beneath oscilluting shock waves
require-additional study:..

=

In general the normalized. cross=power spectra.for.the various fluctuating pressure
environments can be defined as exponentially damped sinusoids as follows:

C‘( &; F)- = e‘..... au g/UC- Cos 'G—g

c
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where. w_lIs the circular frequency, Uc is.the convection velocity, and Eand n .

are the longitudinal and:transverse separation distances, respectively.

However, the.coefficient of exponential decay is a.function of the particular environ-.
ment under study and.may also_depend on free=stream Mach number.as well as local
— flow conditions.. Derivations of the:.coefficient of exponential decay are presented. .
for each unsteady: flow. condition where.the.data was sufficiently well:defined: to merit.
an analysis... For attached boundary: layer flow,_ the:coefficient of exponential decay._ 4
in the longitudinal. direction was found.to be_..a.= 0,10, For.two-dimensional and- 3
axisymmetric_separated:flows, the values ranged. from.0.13.at. M__ =2.5 to0..0.33 at
Ma) = 1,60, The coefficient of exponential decay in the inner &Rd outer-regions.

of three-dimensional separated flows: upstream of cylindrical protuberances were i
approxiniately the.same in the longitudinal direction with.a valve of_a ~ 0.7, In i
the protuberance.wake, the spatial decays were clearly-defined only in the neck and
far-wake regions with.a value of a_~ 0.19. i
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Figure- 2. Comparison.of Pressure.Fluctuation. Measurements by. Various Investigators

for Attached Turbulent Boundary Layers
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Figure-3. Power Spectra for Turbulent Boundary Layer Fluctuating Pressures.
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